In this paper, the results of the first temporal resolution imager CMOS for high-speed laser pulse characterisation are presented. This new imager can replace the conventional streak camera using a charge-coupled device (CCD) sensor for some applications. It produces the intensity information in function of time and one spatial dimension (Iph = f (x, t». The time information is obtained for the prototype to delay successively the integration phase in each pixel of the same row. The different noise sources for an APS sensor such as the shot noise due to the photo sensor, the flicker noise and the thermal noise due to the transistors are studied to determine the fundamental limits on image sensor. The prototype imager named FAMOSI (FAst MOS Imager) consists of an array of 64 x 64 active pixel sensors that are integrated in AMS 0.6 p.m CMOS technology. Each pixel size is 13 p.m x 13 p.m and has a fill factor of 28%. At 50 frames/s, theoretical and experimental results show a total noise of 95± 4 electrons, a fixed pattern noise of 2% (saturation voltage is 760 mY), a dynamic range of 64 dB and a power consumption of 25 mW. The conversion gain is 6.73 ± 0.25llV/electrons and the time resolution is 0.8 ns.
INTRODUCTION
The streak camera using CCO sensor [1] performs the measurement in temporal domain to study of the fast speed light pulses. It produces the light intensity variation in function of time and one spatial dimension. The streak camera parts use a vacuum tube where the photons are collected and converted in electrons. These electrons are accelerated, deflected by a transverse electric field, which varies linearly with the time. Then they are multiplied with a multi-channels plate (MCP) and projected on a phosphor screen. The CCD camera reads this information. In repetitive synchroscan mode that means the successive accumulation of short light pulses at regular time interval, the temporal resolution can reach two picoseconds. Unfortunately these cameras are voluminous, quite expensive ($ 70000), fragile because the streak parts use a vacuum tube, and request a large power supply (a few kV) [2] .
Our research work is to design a fast imager for observation of the short light pulses by using the microelectronic techniques such as the CMOS technology. The major advantage of CMOS technology in which sensor, analogue and digital circuits are integrated in the same silicon substrate (system on chip), is to able to realise the smart sensor. These VLSI systems are low cost and low power consumption.
In the visible imaging, a lot of research works has been done in which the CMOS sensors [3] , [4] are a viable alternative to replace CCD camera. The advantages of a CMOS sensor compared to CCO are the random readout, windowing and the integrating time different per pixel of the light flux.
Actually, the most CMOS or CCO cameras give the light intensity in function of the two spatial dimensions (I = f (x, y». The innovation of our CMOS imager is to give the light intensity in function of time and one spatial dimension (I = f (t, x». To obtain this temporal dimension from the spatial array (x, y), we make a splitting (streak role) of the light intensity by checking the time integration of each pixel of the same row of the matrix.
The following sections describe the architecture and operation of our imager. We present a full analysis of the different noise sources in the imager and the experimental results.
2.
ARCmTECTURE AND OPERATION
Architecture
FAMOSI is not a classical imager. The originality of this imager is that the intensity information in function of the one-dimensional optical information of one image and the time can be restored. In general, there are two main families of CMOS sensors. The passive pixel sensor (PPS) is simpler than the active pixel sensor (APS) but the noise is higher and the readout is achieved one time with the PPS, even then the readout can be do many time with an APS [5] , [6] . For the camera FAMOSI, an APS structure has been chosen. In APS, a photo detector is integrated in a pixel together with selection switches and the source follower amplifier, which connect the photo sensor directly to the output line for the readout. The topology of this imager is shown in figure 1 . Each pixel consists of a photodiode W P well, a reset transistor Mrst, a source follower transistor Msf, and an access transistor Msr (row switch). Column circuits include a bias transistor Mc that acts as current source and the column switch Msc. CL is the total capacitance of the column bus. CFN is the total capacitance at the floating node at the photodiode equal to 22 tF. It is the sum of the parasitic capacitances of the source follower and the photodiode capacitance.
Operation principle
The operations of this imager are described in figure 2 . When the sensor is illuminated by an optical pulse source (i.e. a laser), the voltage signal obtained at the output of the chip is proportional to the function of the temporal repartition of the light intensity. The output from our sensor is first amplified by a low noise amplifier, and then converted to 12 bits digital signal. The image reconstruction for the initial optical signal can then be performed by the data processing.
A frame is achieved in three operations. For each pixel, first, the reset transistor Mrst is turned on to initialise the photodiode capacitance and to eliminate the charges stored in the capacitance of the source follower. The light pulse appears in the acquisition phase. Then the charge signal that is proportional to the optical intensity and the time, is integrated in the photodiode capacitance when the transistor Mrst is switched off. Finally, the selection of the row control transistor Msr and the column control transistor Msc provide the series readout of the voltage signal.
In order to obtain the information intensity in function of time, the reset signal is delayed for each column to retard the start of the integration in the photodiode capacitance. This delay is realised by an array of the logic gates and it controls the reset transistor Mrst for each column.
The advantage to use a 2D array is to have 64 temporal resolution imagers CMOS in one device. Each column gives the time information and each line provides the spatial dimension. Then this chip allows to observe multiple phenomena in the same time for example in fluorescence application when the light comes from several light sources.
NOISE ANALYSIS AND OPTIMISATION
For a low noise CMOS imager with high resolution, noise sources must be carefully analysed because it can limit the performance of the active pixel sensors, especially with regard to the small signal produced by a weak optical source.
.
Noise during reset: During the reset, the transistor Msr is turned off and a positive voltage pulse is applied to the gate of Mrst. This transistor is saturated during a short time and then it goes below the threshold for the reset phase. If the reset time tr is much greater than the settling time !settle, it can be said that steady state has been achieved. The time !settle represents the moment when the reset transistor subthreshold current is equal to the value of the diode leakage current. The mean square thermal noise voltage can be calculated. It is thermal noise given by the switch-on resistance RcJson,Mrst of the transistor RST and passed trough a low pass filter. Then the mean square thermal noise voltage can be calculated by V;'Mrst = 4kT Rdson,MrsJ (1) o l+x where fc = 11(211' Rdson,rst CfN ) is the cut-off frequency of this low pass filter and x = fIfe Then this voltage due to the KTC noise source is obtained by (2) and the Equivalent Noise Charge can be also calculated by (3)
ENCMrst(e-) = l..JkT C fN (3) q Noise during integration: The dominant noise source during the integration is the shot noise due to the diode leakage current Ileak. However, this kind of noise should be taken into account when the integration time increases. For a more precise analysis, the change of the diode capacitance should also be taken into account during the integration time. However, it can be considered negligible as 2nd order effect. The mean square value of the noise sampled at the end of integration tint is given by: v. per unit area and KF the flicker noise coefficient. In (5) the first term presents the channel thermal noise [7] , [8] and the second term the flicker noise [9] . As the low cut off frequency for flicker noise is inversely proportional to the circuit on time, the choice of a correct reset voltage to the gate of the input transistor of the source follower for a short period on time in order to reduce flicker noise is very important.
Normally voltage is given by (7) and by the same way, the thermal noise contribution of the transistor M2 is (8). 
where gm,Mx and gds,Mx are respectively the transconductance and the output conductance of the transistor Mx. Since the transistors Msr and Msc are used as switch transistor, their contributions on the thermal noise can be calculated as a contribution of a resistance given by (9) . The thermal noise is obtained by (10). For the transistor Msc the thermal noise contribution is given by the expression (11) and the Equivalent Noise Charge at the input by (12) 2 dVr = 4 kT Ron df (9) -kT 1 (10)
(e -) = C; tir (12) where Ag is the total gain of the source follower in pixel and Mx the different transistors. Because these noise sources are not correlated, the total equivalent noise charge of the imager can be calculated by:
.JE According to the formula, the calculation results of equivalent input noise charge are 97 electrons. The thermal noise source is greater than the flicker noise source and we can neglect its effect in the study of the sensor. (see Appendix 1) As mentioned above, to decrease the reset noise, the photodiode size must be small as possible to decrease the photodiode capacitance as shown the equation (3) . An optimisation design has been carried out to trade off low noise behaviour with high quantum efficiency. The optimal value is 28%. The thermal noise is inversely proportional to the gds,sf. To obtain a small thermal noise due to this transistor, the conductance must be large but in this case, the fill factor decreases. An optimisation must be realised the two parameters. To get the sensor time response as small as possible, it is important to design a large reset transistor conductance. For this, we make the reset transistor with the minimal size and we supply the gate voltage bigger than the drain. This condition allows to eliminate the light pulse effect in the acquisition phase when the some pixels are still in the reset phase.
EXPERIMENTAL RESULTS
The imager F AMOS! is composed of an array of 64 x 64 pixel sensors fabricated in 0.6 J1m AMS three metal CMOS process. In this section, noise measurements are presented and compared with the theoretical results. Figure 3 shows the measured output response for an input laser wavelength of 532 nm with a light pulse width of 6 ns at the middle of the input pulse. The laser pulse is uniformly illuminated on the entire array. On this figure, each line is a streak camera. The reconstituted information is presented in figure 4 and compared with the laser pulse achieved with a photodiode and a digital oscilloscope (input 50 Q). It is observed that the two pulses are approximately identical.
In a CMOS camera, the reset noise and the readout noise cannot be separated at the output. Figure 5 presents the readout noise in one pixel and the photon shot noise. The noise (kTC + readout) in the dark is equal to 100 electrons. The photon shot noise, due to the statistical variation of the number of photons, varies in square root of the total photon flux. The results are 144 ± 5 electrons for light power of 2p.W and 251 ± 10 electrons for 12 p.W. We show the noise source in pixel for an entire matrix (Figure 6 ), is in practice to 95 ± 4 electrons with a leakage current of 5.4 fA. The calculated reset noise is equal to 84 electrons, the integration time noise, depending of the leakage current to 4 fA, is 36 electrons and a readout noise is 24 electrons. The total noise sources in pixel are 97 electrons. The experimental, simulation and calculated results are approximately the same. A random phenomenon, known as the fixed pattern noise (FPN), affects the output voltage on each pixel due to the variation of the size of each pixel components and process parameters when the imager is illuminated with a constant light. The effect of this noise source is shown in figure 7 . Thanks to the experimental results obtained, we calculate the effect of the FPN of 2 % of saturation. The dynamic range of this circuit is to 64dB and the power consumption is to 25 mW for an acquisition rate of 50 frames per second.
The conversion gain of 6.73 ± 0.25 J.l.V/electrons for this version has been obtained. The measured results are presented in table 1.
CONCLUSIONS
The first temporal resolution imager using CMOS APS for laser detection has been described in this paper. A full analysis based on calculations and measurements for an active pixel camera has been performed. The advantages of this imager are its small size, low cost, high speed and low power consumption. Total noise sources are 95± 4 electrons and a power consumption of 25 mW. For this chip, the fixed pattern noise of 2% and the conversion gain is 6.73 ± 0.25 J.l.V/electrons for a fill factor of 28%.
Moreover, the chip can perform the reconstitution of the optical information as a function of time. Because of these features, this imager can be widely used in biomedical, environmental and astronomy applications.
APPENDIX 1: FLICKER NOISE SOURCES
To calculate the flicker noise at the input, the output power spectral density in current and in voltage is used. As the different gain of the system is determined, all of the noise sources can be obtained at the level of the sensor.
Noise during reset: During reset the flicker noise contribution is due to the reset transistor.
--
rst rst ox Noise during integration: During integration, the flicker noise source is due to the photodiode. kHz (the readout frequency) the equivalent noise charge equal to 5 electrons. 
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